ABSTRACT The hourly averages of the solar ellipticity measured from June 13 to Sept. 17, 1966, are analyzed for indications of solar oscillations with periods in excess of 2 hr r < 0.5 hr-'. Nothing significant is found for frequencies v > 0.1 hr-' but for lower frequencies the power spectrum shows a very complex structure containing about 20 strong narrow peaks. The complexity is illusionary. The signal apparently consists ofonly two frequencies. The complexity is due to aliasing by the window function with its basic 24-hr period, with many observational days missing, and with different numbers of hourly averages for the various observational days. Both signal frequencies are apparently due to odddegree spherical harmonic oscillations of the sun.
Much has been learned about the internal structure ofthe earth from the study of seismic waves, but the analogous studies of the sun arejust beginning. So far only the "5-minute" oscillation has contributed to our understanding ofthe solar interior (1) (2) (3) . But solar oscillatory periods as great as 160 min have been reported (4, 5) .
Measurements ofthe elliptical figure ofthe sun made during the summer of 1966 were originally analyzed as a set of daily averages (6, 7) . The analysis showed a statistically strong periodic signal (containing three harmonics) and compatible with a solar distortion rotating rigidly as a wave on the surface (7) . The solar surface itself rotates nonuniformly and more slowly, 30-50% as fast.
The rotation rate of this distortion has been interpreted as that of a distorted solar core which induces distortions in the surfaces of constant gravitational potential. The shape of the solar surface is in turn determined by the shape of a potential surface. The most likely source of the distorted core is believed to be a strong ( 108 gauss) magnetic field frozen in the core.
The 1966 observations have recently been reanalyzed as a set ofhourly averages ofthe "diagonal component" (Ard) ofthe solar ellipticity (8) . This analysis has provided a set of residuals, derived from these hourly averages, which represent the input data for the present paper.
The new analysis has resulted in relatively little change in the derived characteristics of the rigidly rotating solar figure.
The most important changes are the new and improved mirror distortion parameters. Errors in these parameters have relatively little effect on the calculation of the characteristics of the 12-day rotating figure because the mirror positions were cycled to cause these errors to average to small values.
The above-mentioned set of residuals ofArd are obtained by subtracting from Ard the signals due to: (i) the rigidly rotating solar figure (rotating with a sidereal period of 12.38 ± 0.11 days), (ii) faculae, (iii) mirror distortions, and (iv) the atmospheric distortions. (See equation 5 and table 1 ofref. 8.) These residuals, y = Ard -Atrm, are adopted as input data in a search for periodic distortions due to solar oscillations with frequencies v < 0.5 hr-'. The results of this search are discussed here.
The residuals ofArd, expressed in msec ofarc and designated here as y(t), are given in Table 1 . These residuals, y(t), are weighted means ofthe results obtained at three limb exposures, Mag. 1, 2, and 3, weighted by the number of observations per hour but with Mag. 3 further weighted by a factor of0. 5 (8) . Data are rejected as previously discussed (8) . In the 98-day interval June 13-Sept. 17, 1966 there remain 44 days, quite randomly distributed, with surviving data. There are three to eight hourly averages of the residuals for each of these 44 days, a total of276 hr. The distribution ofresiduals (in msec of arc) is plotted in Fig. la. The curve is an unweighted fitted gaussian with y = 0.26 msec and v = 13.108 msec.
POWER SPECTRUM
As a first step in searching for frequencies due to solar oscillations a power spectrum of residuals y(t) is calculated. Actually it is not the function y(t) (defined only for the hours with observations) that yields a Fourier transform and the power spectrum. Rather, the spectrum is calculated from the function y(t) S(t), where S(t) is the windowfunction (S = 1 for hours with data and S = 0 for hours without data). The power spectrum shows no significant signal in the frequency range 0.1 c v c 0.5 hr-'. In this range the distribution of power (in arbitrary units) shows the x2 distribution expected for uncorrelated, normally distributed noise fluctuations (Fig. 2a) .
In the frequency range 0 _ v _ 0.1 hr-' the power has a distribution with a long tail (Fig. 2b) . The two exponential fits (straight lines) in Fig. 2 The power spectrum shows a rich and complicated structure in the frequency range 0 < v < 0.1 with more than 20 prominent peaks (Fig. 3a) . One striking feature is the approximate mirror symmetry, with a reflection at v = 0.0208 (1/v 48 
hr).
This symmetry is due to the 24-hr sampling period but the symmetry is imperfect because of missing hours and days in the sample.
The highest peak power in the power spectrum is 11.92 times as great as the mean power (P) = 0.6600 (computed in the range 0.1 < v < 0.5). The probability of normally distributed, uncorrelated noise yielding a peak this high at some one of 200 frequency points is 0.0013. The great complexity of the 0 ' v ' 0.1 hr-' range of the power spectrum appears to have its origin more in the window
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1989 We now broaden the statistical hypothesis to assume that the residual y(t) has the form ofa signal a C cos 2fiwt + b C sin 27wft plus normally distributed and uncorrelated noise, where C = cos(2P), sin(2P), or 1 lated for the two additional cases C = cos(2P) and C = sin(2P). The maximum likelihood occurs for C = cos(2P), corresponding to odd-degree spherical harmonics. Results are given later. For peak 1 we now fit the function Y(t) = co + cos 2P(c, cos 2irvt + c2 sin 2l4vt) [1] to the residuals y(t), adjusting co, c1, c2, and vby weighted leastsquares, where t = 0 at noon on day 50. We obtain c0 = 0.28 ± 0.63 msec, c1 = 3.8 ± 1.5, c2= 4.0 ± 1.4, and v = 0.017296 ± 0.000061 hr-'. This fit yields new residuals Sy = y -Y. For the statistical hypothesis to be acceptable, Sy should represent noise. The power spectrum of Sy shows that this condition is not satisfied. But more than half of the significant peaks nonetheless have disappeared.
We can conclude that the hypothesis is not acceptable and that at least two frequencies are required in the signal. This does not invalidate the above calculation, because two functions of the form Y(t) having different frequencies are approximately orthogonal and fittings for two different frequencies can be carried out in sequence to obtain an approximate fit for two frequencies.
The above process is now repeated, the function y(t) being replaced by 5y and a new likelihood function calculated. The most likely frequency peak is now found to be peak 2 (v = 0. 0115 hr-1), but again its alias (peak 2A) is nearly as strong. (Fig. 3c) and the corresponding power distribution is shown in Fig. 2c for the frequency range 0 ' v ' 0.1. The distribution of the residuals By is plotted in Fig. lb . It is apparent that the distributions of By and P are consistent with by being normally distributed and uncorrelated noise. Thus, only two frequencies are required to eliminate the complex signal pattern of Fig. 3a . Fig. 3c shows a statistically weak peak at v = 0.0086 hr'. Although this peak is consistent with a noise distribution, we nevertheless try to include it in the least-squares fit. The resulting values of the three frequencies are: 0.017321 + 0.000060, 0.011471 ± 0.000054, and 0.008564 ± 0.000084. The power spectrum of the resulting residuals has the distribution shown in Fig. 2d . Including this term has significantly reduced the noise level (increased the slope). Also the third frequency represents only 16% of the signal power. We conclude that the third frequency should not be included in the fit.
As a test for the statistical significance of the signal y(t) we divide the data into two equal parts, days 46-81 and days 82-139. For each of these parts, the least-squares fits for the coefficients cu1 in Eq. 2 give the results found in the top four lines ofTable 2 to within 1 c-. (The adopted frequencies vo and v2 are those given in Table 2 ).
As a further test, the data set is divided into four parts, each representing 11 sequential days ofobservations. Again, the four sets of coefficients cij agree with the results in Table 2 ; 14 of the coefficients agree to within 1 o-and 2, to within 2 a-.
An important question vis-a-vis the physical interpretation of the signal concerns the presence of a "brightness signal" (8) . If the signal y(t) (Eq. 2) were due to a nonuniform luminosity of the sun, the signal amplitude should vary proportionally to the amount oflimb exposure. The signal amplitudes should then be approximately in the ratios 3:2:1 for the three limb exposures Mag. 1, 2, and 3 (8) .
To test for this possibility the function Y(t) discussed above is fitted in the form co + c1Y to the data separately for each of the three limb exposures, adjusting co and cl by least squares. It is found that co differs from zero by less than 1 Table 2 .
The likelihoods of the four alternative sets of frequencies are in the ratio 1:0.08:0.43:0.20, respectively, for the frequency pairs (1, 2), (1A, 2A), (1, 2A), and (1A, 2) .
Adding the signal given by the first four lines ofTable 2 (peaks 1 and 2) to the signal caused by the rigidly rotating solar figure (computed from Ar, a,, bl, . . ., I given in table 1 of reference 8) yields the function plotted in Fig. 4 Fig. 3b for the identification of the peak numbers in the power spectrum (Fig. 3a) wavelength, only a few percent of the solar radius. It has a negligible first-order effect on potential surfaces at the solar surface.
My list of possible explanations of reasonable promise is short.
(i) A magnetotoroidal oscillation. The induction ofa distorted potential surface and the resulting distortion ofthe solar surface is a possibility if an appropriate low-frequency oscillation of the solar core can be found. Toroidal magneto modes are capable of yielding appropriate low frequencies.
Toroidal modes are those for which the fluid displacement is ; = (r x V)u, with u a scalar function. These modes are normally of zero frequency, but with a magnetic field present the field is generally stretched by the displacement ofthe fluid, and the increased magnetic energy provides the restoring force needed for a normal mode of very low frequency.
The existence of such a magnetic field in the solar core rotating with a period of 12.38 days has already been suggested as the source ofthe observed rigidly rotating distortion. A mixed toroidal-oloidal (but predominately toroidal) magnetic field of about 10 gauss has been suggested (9) . The suggested field has a symmetry axis (10) tilted roughly 85°from the solar rotation axis (9) .
